Notation
To make the presentation for the derivation of the theoretical average value of S 2 G more compact, we will use the following notation: X i iid ∼ N(0, 1) i = 1, . . . , n The random variables X 1 , . . . , X n are independent of each other and all follow a standard normal distribution.
Y ∼ Bin(n, p) . . . . . . . . . . . . The random variable Y has a binomial distribution based on n trials and a probability of success p. 
Modeling a Colony of Worker Bees
In order to assess the variability of a colony based on the number of paternal lines, we are considering a simple model, where the genotypic values at each locus are standard normal random variables. In particular, when considering L loci and M paternal lines, the Queen of the colony is modeled as
where
. . , L represents the genotypic value on locus l and allele a of the Queen. Similarly, the M mates (drones) are modeled as
. . , L represents the genotypic value on locus l for mate m. With this, and disregarding recombination, any worker-offspring is modeled as follows: Each worker receives one allele from the Queen (without loss of generality we assume this to be the first allele) and one allele from one of the mates (we assume this to be the second allele). Since the mates are haploid, a mate will be selected as random to be the father of a specific worker and the worker inherits all genotypic values from that particular mate. As for the allele being inherited from the Queen, since she is diploid (as the workers) the worker could inherit either the genotypic value from the first or the second allele for any locus. Since we are also not considering recombination at the moment, all loci in the Queen can be seen as independent of each other, meaning that the inherited value on locus l has no influence on the inherited value at locus l + 1. Formally, a worker can represented
where a(l) = 1, 2 and m = 1, . . . , M . Note that any of the a(l) = 1 with probability 0.5 and all values for m are equally likely with probability 1 M .
Assessing Genotypic Variability of One Colony
Now, having a colony of n workers generated this way, we can compute the genetic variability of the colony by determining a genotypic value for each worker, G, and then compute the sample variance of all the G's. Given the model from above, the genotypic value of a single worker is computed as values). With these observations, the genotypic value of the i th worker can be rewritten as
The average of all the genotypic values of a colony is then given bȳ
Now, since there are -as mentioned above -only finitely many genotypic values for the and n − Y 1 (l) workers will have a(l) = 2. Hence,
Note that Y 1 (l) ∼ Bin(n, 0.5) since both alleles have the same likelihood to be inherited to the worker. In similar fashion, we can rewriteD. In a colony of n workers, Y 21 will have the first mate as father, Y 22 will have the second mate as father, etc. Clearly, 
Having established the sample mean of the genotypic values of a colony, we can now assess the variability of the colony using the sample variance of the genotypic values:
(10) For large n, S Q(l)Q(k) and S Q(l)D will be close to 0 due to the aforementioned independence between the all Q a(l) (l)-and D m -values. This fact will be illustrated and used when computing the expectation of S 2 G . Also, note that the alternate expressions for S 2 Q(l) and S 2 D are derived by a similar argument as the alternate expressions for the meansQ(l) andD and will also be useful in the computation of the expected value for S 2 G . Now, since the Y -variables are binomial random variables, we can take their expected values to compute the expected sample mean and expected sample variance for a colony of size n with fixed Queen and mates. Since Y 1 (l) ∼ Bin(n, 0.5), we know that E Y 1 (l) = n 2 . With this, we have
Also,
In a similar fashion, we can find E(D) and E(S 2 D ). We know that Y 2m ∼ Bin n,
and
We also could re-express S Q(l)Q(k) and S Q(l)D in similar manner, but we will forgo this here.
With all that the expected sample variance of a colony with a specific Queen and a specific set of M mates can be written as 
Now, due to the independence of Q a(1) (1), . . . , Q a(M ) (M ), D m , we know that E E(S Q(l)Q(k) |Q) = 0 and E E(S Q(l)D |Q, D) = 0. Thus,
